1. Plant-associated microbial communities are crucial for plant growth and play an important role in 16 disease suppression. Community composition and function change upon pathogen attack, yet to date we 17 do not know if these changes are a side effect of the infection or actively driven by the plant. 18 2. Here we used a split-root approach to test whether barley plants recruit bacteria carrying antifungal 19 traits upon infestation with Fusarium graminearum. Split-root systems allow disentangling local infection 20 effects, such as root damage, from systemic, plant-driven effects on microbiome functionality. We 21 assessed the recruitment of fluorescent pseudomonads, a taxon correlated with disease suppression, and of 22 two well-described antifungal genes (phlD coding for 2,4-DAPG and hcnAB coding for HCN). 23
Introduction 35 36
Plant pathogens cause significant loss of agricultural yield worldwide (Strange & Scott 2005) and are an 37 important determinant of plant community structure and productivity (Packer & Clay 2000; Klironomos 38 2002; Van der Putten 2003; Petermann et al. 2008) . Plant-associated microbes form a first line of defense 39 that may complement plant innate immunity. In particular the rhizosphere microbiome, the microbial 40 community associated with plant roots, is increasingly recognized to shape disease suppression 41 (Berendsen, Pieterse & Bakker 2012; Mendes et al. 2013) . 42
The rhizosphere is a place of complex interactions between plants and microbes. Plants invest important 43 resources to secrete root exudates, a set of labile organic compounds able to recruit, feed and manipulate 44 the physiology of a subset of microbes present in the surrounding soil (Bais et al. 2006) . In return several 45 of the associated microbes will protect plants against pathogens by producing antibiotics and stimulating 46 plant immunity (Bakker et al. 2013) . 47
Plant microbiome composition varies as a function of plant identity and soil type (Costa et al. 2006; Aira 48 et al. 2010; Peiffer et al. 2013) and even with plant growth stage (Chaparro et al. 2013; Yuan et al. 2015) , 49
indicating that the host plant exerts a structuring influence on the selection of microbial communities from 50 the available species pool. Also plant diseases play an important role and pathogen attack can be 51 associated with alterations in microbiome structure, functionality and activity (Trivedi et al. 2012) . 52
These different effects interactively shape microbiome functionality in response to diseases, making it 53 hard to distinguish which changes are actively driven by the host plant (and thus indicate that a plant has 54 the ability to structure its microbiome) and which changes are self-assembly processes driven by changes 55 in the environmental conditions around the roots. Such passive changes encompass root damage by 56 pathogens, causing leaking of compounds, or an altered exudation in pathogen-challenged plants as a 57 result of a lower photosynthetic activity or a shunting of the nutrient flows toward healthy parts of the root 58 system (Henkes et al. 2011) . However, there are several cues indicating that plants react to pathogen 59 infection by producing compounds that may attract and stimulate beneficial microbes (Rudrappa et al. 60 loops allow plants to reward microbes performing certain tasks, as reported for different plant-microbe 62 symbioses (Phillips et al. 2004; Kiers & Denison 2008) . 63
In the present study we aim to disentangle pathogen-and plant-mediated effects on microbiome 64 functionality. To separate these effects we set up a split-root system with barley plants growing in a 65 natural soil. Split-root systems involve the separation of the root system into two hermetic compartments, 66 allowing plant-microbe interactions to be tracked independently. In the present case we added a fungal 67 pathogen to one of the compartments and measured alterations in functional traits of the root-associated 68 communities. At the treatment compartment, the pathogen may alter plant-microbe interactions by 69 preventing exudation or secreting mycotoxins (Henkes et al. 2011 , Notz et al. 2002 . In contrast, effects 70 observed on the systemic, non-infected compartments, can be safely attributed to plant-mediated effects 71 (Henkes et al. 2011; Jousset et al. 2011) . 72
We specifically address whether 1) barley recruits different microbes upon pathogen infection, 2) whether 73 microbial recruitment is related to an enrichment of anti-fungal traits (functional genes) and 3) whether the 74 recruitment process contributes to the structuring of rhizosphere microbial communities. By combining 75 these aspects we aim to prove the concept that a host plant is able to manipulate its rhizosphere 76 microbiome structure to fit its functionality to the challenges, such as pathogen infection, that the plant is 77 facing. supplemented with 20% (w/w) sand to avoid soil clumping. Both compartments were irrigated separately 140 with sterile water via fiber-glass capillaries and had apertures on the top to allow for gas exchange (see 141 Fig. S1 in Supporting Information). After ten days growth at 20 °C and 12 h photoperiod under artificial 142 light (120 µmol m -2 s -1 ), the treatment compartment of the split-root microcosms were inoculated with 4 143 ml of the mycelium suspension, spread evenly on the whole root system. The control plants received the 144 same amount of 0.1 x PBS. 145
Ten days after pathogen addition, the split-root systems were destructively sampled. Rhizosphere soil 146 samples were collected by gently removing the roots with adherent soil and suspended in 30 ml of 0.1 x 147 PBS on a horizontal shaker at 60 rpm for 30 min. 148
We chose the comparatively short growth period of ten days to allow the challenged plants to respond to 149 the pathogen while preventing too much infection damage which may have caused biases in the 150
interpretation. 151 152

Microbial communities 153 154
We followed changes in rhizosphere microbial communities at three levels: We assessed total bacterial 155 density as a marker for unspecific changes coming along with the infection, such as nutrient leaking, 156 affecting indiscriminately all microbes. Further we enumerated the density of fluorescent pseudomonads 157 as model group, which is consistently associated with disease suppression (Mendes et al. 2013 ) and the 158 specific antifungal genes phlD and hcnAB (as indicators for specific functional gene enrichment). Further, 159
we monitored the diversity of pseudomonads and their community structure to test for selective processes 160 structuring the rhizosphere. 161
In the second experiment (hereafter 'the chemotaxis experiment') we tested if exudates from infected 162 plants are chemo-attractant for bacteria with potential antifungal activity. Therefore, we used a gnotobiotic 163 system where the plants were confronted with the pathogen in otherwise sterile conditions. We built split7 root microcosms out of two sterilized 15 ml Falcon tubes (BD Biosciences, Heidelberg, Germany) filled 165 with sterile demineralized water. 166
Plants were grown for ten days at 20 °C and 12 h photoperiod after which we inoculated the treatment 167 compartment of half of the plants with 0.5 ml of fungal spore suspension or sterile water respectively. 168
After ten days, the water samples from the root compartments containing the root exudates, were filtered 169 through a 0.22 µm filter (Millipore, Merck, Darmstadt, Germany) to remove remaining fungal or root 170 particles and were stored at 4 °C until processing the chemotaxis assay. 171
172
Culture based enumeration of bacteria -plate counts 173
174
For the culture based enumeration of fluorescent pseudomonads and total heterotrophic bacteria, we 175 spread-plated the rhizosphere soil suspensions on Petri dishes with Gould`s S1 medium (Gould et al. 176 1985) and R2A medium (Reasoner & Geldreich 1985) respectively. For plating on Gould`s S1 medium 177 we used 50 µl of the 20 fold diluted suspensions and for R2A medium 50 µl of the 100 fold diluted 178 suspensions. Petri dishes were incubated at 28 °C for 48 h in darkness before colonies were counted. We used quantitative real time PCR (qPCR) to enumerate total bacteria and specific disease-suppressive 193 bacteria, producing the antifungal metabolites 2,4-diacetylphloroglucinol (2,4-DAPG) and hydrogen 194 cyanide (HCN), which contribute to the suppression of fungal diseases in soil (Voisard et al. 1989; Weller 195 at al. 2002) (Table S1 and Table S2) . 228
Electrophoresis was performed on 4 µl of the second PCR product in an 8% acrylamide gel with a 229 denaturing gradient ranging from 20% to 80% denaturants (100% denaturants: 7M urea and 40% 230 formamide) at 60 °C for 18 h and 140 V in 1 x Tris-acetate-EDTA buffer using a Dcode Universal 231
Mutation Detection System (Bio-Rad, Hercules, CA, USA). The gels were stained with 200x SYBR 232
Green (Sigma-Aldrich, Hamburg, Germany). The DGGE fingerprints were digitized to greyscale images 233 and analyzed using the Quantity One software (Bio-Rad, Hercules, CA, USA). 234
235
Bacterial chemotaxis towards infected and uninfected plants 236 237
We assessed the chemotactic activity of a GFP-tagged Pseudomonas protegens CHA0 (Jousset et al. 238 2006) towards the exudates of infected and uninfected plants. We chose this strain as reference fluorescent 239 pseudomonad carrying the functional genes phlD and hcnAB also targeted in the natural soil experiment. 240
Bacteria were pre-grown in 3 g l -1 tryptic soy broth (TSB) at 20 °C for 24 h, centrifuged (5 min at 10,000 241 rpm) and washed 5 times in 0.1 x PBS to remove remaining nutrients. Bacterial density was adjusted to 242 OD600=0.1 in 0.1 x PBS. We used 200 µl pipette tips filled with 50 µl of the exudate samples, placed on a 243 multichannel pipette, as chemotaxis capillaries. The filled tips remained on the pipette and were carefully 244 placed into wells of a microtiter plate containing 100 µl of the bacterial suspension. The whole system was 245 incubated for 30 min at 20 °C in darkness to allow the bacteria migrating into the pipette tips. Bacterial 246 concentration in the pipette tips was measured by flow-cytometric enumeration using a BD Accuri C6 247 flow cytometer (Accuri, Ann Harbor, MI, USA) following the manufacturer's instructions. For both 248 treatments we set up 10 split-root microcosms as replicates. 249 250
Statistical analyses 251 252
All analyses were performed in R version 3.1.1 (R Core Team 2014). In the soil experiment, we tested for 253 the effect of the infection treatment on dry shoot biomass using a linear model (LM) with the infection 254 treatment (control vs. pathogen addition) as categorical predictor. To test for differences in root dry 255 biomass we used a linear model with the infection treatment, the compartment side (treatment 256 compartment vs. systemic compartment) and their interaction as categorical predictors. 257
In the soil experiment, bacterial and gene abundances were calculated as numbers of gene copies and 258 colony forming units (CFU) per gram soil dry weight respectively. We calculated gacA allelic richness as 259 the number of bands within each gel lane. 260
Because soil water is essential for bacterial motility, we included the soil water content (percentage soil 261 moisture) as covariate in the models targeting bacterial abundances, gene abundances and gacA allelic 262 richness in the soil experiment. The soil water content was not affected by the infection treatment 263 (F1,48=0.51, p=0.48), the compartment side (F1,48=0.06, p=0.81) nor their interaction (F1,48=0.60, p=0.44), 264
indicating that there was no systematic bias. 265
Bacterial and gene abundances in the soil experiment exhibited a positive, right-skewed distribution with 266 an over proportional increase in variance. Thus, we used generalized linear models (GLM) with gamma 267 distributed errors and a log-link function (Faraway 2006; Crawley 2007) , testing for the effects of the soil 268 water content (linear covariate), the infection treatment (factor with two levels), the compartment side 269 (factor with two levels) and the treatment-compartment side interaction as categorical predictors. 270
Regarding the analysis of gacA allelic richness in the soil experiment, it is noteworthy, that the treatments 271 were represented in equal proportions within a single gel, while the compartment sides were represented 272 on separate gels. Therefore, we tested for the effect of the infection treatment on gacA allelic richness 273 separately for the compartment sides using linear models and fitted the gel identity as a block effect before 274 the soil water content and infection treatment. To adjust for the covariate soil water content, we calculated 275 for all above mentioned response variables their least-square means and standard errors (r-package: 276 lsmeans; Lenth 2015) based on the respective model (GLMs targeting bacterial and gene abundances and 277
LMs targeting gacA allelic richness). 278
For the chemotaxis experiment, we defined chemo-attractant function of root exudates as the density of P. The abundance of total heterotrophic bacteria (CFU on R2A medium) was not affected by any predictor 305 (Table 1, Fig. 1a) . In contrast, the abundance of fluorescent pseudomonads (CFU on Gould's S1 medium) 306 was higher in the rhizosphere of infected plants than of uninfected plants at the systemic compartment 307 (Table 1, Fig. 1b) . Further, the abundance of fluorescent pseudomonads was positively correlated with the 308 soil water content (Table 1, Fig. 2a) . 309
Similar to the abundance of total heterotrophic bacteria, there were no effects of any predictor on the 310 abundance of 16s rDNA gene copy numbers (Table 1, Fig. 3a) . However, the abundances of the two 311 assessed antifungal genes (phlD and hcnAB) were positively correlated with the soil water content (Table  312 1, Fig. 2b,c) . The effect of the infection treatment on antifungal gene abundance depended on the 313 compartment side (Table 1) and their abundances were higher in the rhizosphere of infected plants than of 314 uninfected plants at the systemic compartments (Fig. 3a,b) . In the treatment compartment, gacA allelic 315 richness was not significantly affected by the infection treatment (Table 2 ). However, in the systemic 316 compartment, gacA allelic richness was higher in the rhizosphere of infected plants than of uninfected 317 plants (Table 2 , Fig. 4a) . 318
Procrustes rotation test revealed that the single gel ordinations of the gacA DGGE profiles were congruent 319 in the systemic compartments (p=0.017), indicating a coherent structuring force on the communities. 320
Further, community composition was well discriminated by the infection treatment in the systemic 321 compartment (Table 2, Fig. 4b ). The single gel ordinations in the treatment compartment were not 322 congruent (p=0.15) and community composition was not separated regarding the infection treatment 323 (Table 2, Fig. 4b) . 324
In the chemotaxis experiment, P. protegens CHA0 was more attracted by the root exudates of infected 325 plants than by the root exudates of the control plants. This increase was independent of the compartment 326 side (Table 1, Fig 5) . Bacterial recruitment can be the result of a specific attraction by exudates or by a higher growth on roots. 348
Chemotaxis appears here as a significant driver. Exudates from infected plants were more attractive than 349 exudates of uninfected plants for P. protegens CHA0, a model strain harboring the genes needed for the 350 production of both 2,4-DAPG and HCN, the two genes that were systemically enriched in the rhizosphere 351 of infected plants. These results are in line with a past study on Bacillus, showing that plants challenged 352 by the foliar pathogen Pseudomonas syringae recruited one specific Bacillus strain by secreting more 353 malic acid, to which the studied Bacillus strain showed a strong chemotactic response (Rudrappa et al. 354 2008) . We propose that a similar effect occurred in the soil experiment with fluorescent pseudomonads. 
2011). 371
Alternatively, an increased water potential can rapidly lead to an increased bacterial biomass (Lund & 372 Goksøyr 1980; Kieft, Soroker & Firestone 1987) . In both scenarios we propose that sufficiently high soil 373 moisture is essential for the plant to recruit beneficial microbes out of the existing microbial species pool. 
385
We observed enrichments of specific bacteria due to the infection treatment in the systemic compartment 386
only. This leads us to propose that the inoculum application may locally interfere with plant driven effects 387 as observed at the systemic compartments. The addition of PBS to the treatment compartment may have 388 affected microbial communities via an addition of phosphorus or a mechanical perturbation of the root 389 system. Even if we kept perturbation as low as possible by using highly diluted PBS and dripping it slowly 390 onto the roots, it may account for some effects such as the higher bacterial abundances in the treatment 391 compartment than the systemic compartment. Also effects of the fungal inoculum itself, e.g. an 392
antagonistic (Notz et al. 2002) or attracting potential of fungal metabolites (de Weert et al. 2004) , may 393 mask plant driven processes. Such concomitant effects illustrate how important it is to physically separate 394 the site of experimental manipulation from the site of measurements especially in the context of systemic 395 plant driven processes. 396
This study focused on one specific plant-pathogen system and on three very simplified bacterial groups 397 (all bacteria, one specific taxon and two functional genes). Also the plants were grown for a short time in 398 small microcosms under the controlled conditions of a climate chamber. The potential differences to other 399 plant-pathogen systems and the impact of environmental conditions or plant age remains a subject for 400 further investigation, which would give valuable insights into the generality and limitations of the process 401 observed in this study. Nevertheless, this simplification allowed us to conceptually demonstrate a new 402 dimension in plant-microbiome interactions, disentangling effects of a host plant and a pathogen on the 403 composition and functionality of microbial communities. However, this approach also brings a few 404 caveats we would like to address. First, we would like to emphasize that the tested groups are examples. 405
Microbial communities are very diverse, both phylogenetically and functionally. Further, we did not 406 attempt to analyze exudate composition, as they would have in the present context added few to the 407 observed net effects on bacteria. Rather, we see our approach as a conceptual base that can be combined 408 with metabolomics or metagenomics to disentangle the roles of plant and pathogen on the assembly of the 409 rhizosphere microbiome. Further, we did not assess the antifungal potential of root-associated bacteria. 410
We propose that future studies assessing soil suppressiveness in the systemic compartment after several 411 growth cycles may greatly improve our understanding of the role of the plants in building up soil 412 suppressiveness as observed in take-all decline (Weller et al. 2002) . 
